Jen1p is rapidly and irreversibly inactivated upon the addition of glucose to induced cells [14]. Some of the factors involved in proper localization and turnover of the Jen1 protein were revealed by expression of the JEN1-GFP fusion in a set of strains with mutations in specific steps of the secretory and endocytic pathways [15]. However none of the above data discriminates the possibilities whether Jen1p has regulatory (or sensor) or transport function.
INTRODUCTION
Jen1p is rapidly and irreversibly inactivated upon the addition of glucose to induced cells [14] . Some of the factors involved in proper localization and turnover of the Jen1 protein were revealed by expression of the JEN1-GFP fusion in a set of strains with mutations in specific steps of the secretory and endocytic pathways [15] . However none of the above data discriminates the possibilities whether Jen1p has regulatory (or sensor) or transport function.
The purpose of our work is to demonstrate non-ambiguously that Jen1p is a monocarboxylate proton symporter. Therefore the JEN1 gene was cloned in Pichia pastoris to produce significant amounts of active protein allowing heterologous reconstitution of lactate transport activity in membrane vesicles. The JEN1 gene was also overexpressed in S. cerevisiae (at a lower efficiency however) to characterize the kinetic properties of Jen1p at the cell level.
MATERIALS AND METHODS

Strains and growth conditions
Yeast strains are described in Table 1 . Cultures were maintained on YPD. The Ready To-Go™ RT-PCR Beads from Amersham (Cat. Nº 27-9556-01) were used, in combination with 300 ng DNAse treated RNA and pd(T) 12-18 as first strand primer.
Selection of Pichia pastoris recombinant strains
The integrative vectors were digested with the restriction enzyme SalI (Roche), for integration in the AOX1 locus. P. pastoris X-33 and KM71H cells were transformed by electroporation, the transformants were selected in YPDS medium supplemented with zeocin and each transformant was purified to ensure pure clonal isolates. A direct PCR screening of the P. pastoris clones was performed as described by Linder et al.
[ (pore size 0.45 µm, Macherey-Nagel) and washed with 2.0 ml 100 mM LiCl. The filters were introduced into vials and radioactivity was measured as described above.
Experiments were carried out at 26 ºC.
RESULTS
Constitutive expression of JEN1 in Saccharomyces cerevisiae
The Saccharomyces cerevisiae strain carrying a genomic deleted jen1∆ allele was transformed with either one of the plasmids p416GPD and p426GPD (native plasmids) and with the corresponding plasmids containing a copy of JEN1 under the control of the glyceraldehyde 3-phosphate dehydrogenase (GPD) constitutive promotor (pDS1 and pDS2, respectively, Table 1 ). JEN1 transcription was analyzed by RT-PCR. As it was previously shown [12, 14] in the strain S. cerevisiae W303-1A, JEN1 expression is absent in glucose when under the control of its own promoter.
Additionally, in lactic acid-grown cells a rapid decline of JEN1 mRNA is observed upon the addition of glucose, the transcripts being completely absent 10 minutes after the pulse of glucose [14] . These results show that despite the mechanisms of repression and degradation previously reported, the cloning under a strong promoter allows constitutive expression of the JEN1 gene whether the carbon source is glucose, acetic acid or a mixture of both.
Transport of monocarboxylic acids in Saccharomyces cerevisiae cells expressing
JEN1 constitutively
Initial uptake rates of labelled lactic acid were measured at pH 5.0 in exponentially growing cells cultivated in minimal medium at pH 4.0, containing glucose (2.0%, w/v), acetic acid (0.25%, v/v) or a mixture of both glucose and acetic acid in the concentrations indicated (Table 2) . Under the growth conditions used, the JEN1 gene cloned in the centromeric plasmid induces permease activity, while when cloned in the multicopy plasmid the uptake of labelled lactic acid obeys to a simple diffusion mechanism. In cells carrying no functional copy of JEN1 the transport of labelled lactic acid also obeyed to a simple diffusion mechanism.
Measurements of lactic acid uptake were performed in glucose grown-cells of transformed S. cerevisiae strains, incorporating a metabolizable (glucose, 100 mM) or a non-metabolizable sugar (sorbitol, 100 mM) in the assay buffer. The kinetic parameters obtained were of the same order of magnitude as the ones described in Table 2 in the absence of the sugar. These results indicate that the medium composition and osmotic strength do not affect the mechanism of monocarboxylic acid transport.
Transport of labelled acetic acid at pH 5.0 was also evaluated ( 
Consumption of acetic acid in the presence of glucose in Saccharomyces cerevisiae
In order to determine whether the constitutive expression of JEN1 in the presence of glucose is associated to an altered consumption of acetic acid, the supernatants of cultures grown in YNB containing glucose and acetic acid were analyzed by HPLC. As can be observed from Figure 2 , the consumption of both substrates was identical in a mixed substrate medium containing glucose and acetic acid, at pH 4.0. In cells either expressing or not JEN1, the consumption of acetic acid was initiated only after glucose exhaustion. As shown in Table 3 , glucose and/or acetic acid grown cells had very similar growth rates in all the conditions tested, either at pH 4.0 or 6.0. In the media containing glucose and acetic acid the growth rate decreased and the log phase increased (results not shown) with increasing amounts of acetic acid.
The plasmids p416GPD and pDS1 were used to transform another S. cerevisiae genetic background (CEN.P113-13D), and no differences in growth were detected between the strains.
Lactate permease activity in Pichia pastoris transformants
Jen1p permease activity was evaluated by measuring the initial uptake rates of radioactive lactic acid in different P. pastoris transformants. Cells were grown in mineral medium with glycerol (MGY), and further incubated for 72 h in methanol medium (MM). After 24 h induction with methanol all P. pastoris transformants containing the JEN1 gene presented measurable lactic acid uptake, although with different velocities. After 48 or 72 h of induction, lactate uptake was greatly decreased.
The integrative vectors generated higher uptake rates than the replicative vectors (not shown). Additionally, the P. pastoris KM71H (pB-JEN1) transformant strains analysed exhibited higher lactate uptake activity than the X-33 (pB-JEN1) recombinant strains.
The transformant that displayed the highest level of lactate uptake in all the tested conditions was KM71H (pZ-JEN1)-I (strain BLC553, Table 1 ). In glycerol-containing medium (0 h induction), no measurable lactate uptake activity could be found for any of the assayed strains (not shown). In the strains containing the empty vectors (Table 1) , no measurable permease activity could be found during the induction time-course tested (not shown).
Slot-blot analysis of integrated JEN1
Semi-quantitative DNA slot-blot analysis was carried out using genomic DNA 
Expression analysis of JEN1 in Pichia pastoris
No JEN1 transcripts were detected in P. pastoris cells grown in media containing glucose or glycerol. However a 2.2 kb mRNA was detected in the KM71H 
Characterization of the Jen1 permease kinetic parameters
The kinetic parameters of monocarboxylate transport system were determined in the P. pastoris recombinant KM71H (pB-JEN1)-I recombinant strain after 24 h of induction in methanol-containing medium, measuring the initial uptake rates as a function of the labelled lactic acid concentration. P. pastoris KM71H transformed with the empty vector was used as a control, where labelled lactic acid was transported solely by simple diffusion (Figure 6 ), with k d = 0.040 ± 0.002 µl s -1 mg -1 dry weight.
The presence of a mediated transport system was indicated by Michaelis-Menten saturation kinetics in the recombinant strain KM71H (pB-JEN1)-I, with K m = 0.54 ± 0.08 mM DL-lactic acid and V max = 2.15 ± 0.14 nmol lactic acid s -1 mg -1 dry weight.
Lactic acid transport in hybrid vesicles
Plasma membranes from methanol-induced P. pastoris KM71H (pB-JEN1)-I recombinant were fused with E. coli liposomes containing beef heart cytochrome oxidase. In control vesicles obtained with P. pastoris transformed with the empty vector, the uptake of labelled lactic acid was negligible, before and after energization. In 
Figure 3
Slot-blot analysis of 10 µg of genomic DNA from P. pastoris transformants, using an JEN1-specific probe. Numbers in brackets refer to the measured spot density. [DL-lactic acid] (mM) Figure 6 28
